original contributions nature publishing group Ambulatory blood pressure monitoring (ABPM) is more and more implemented in standard clinical practice, 1 with specific indications listed in current international guidelines. [2] [3] [4] It is also the cornerstone of efficacy assessment for new antihypertensive drugs or drug combinations, in part by study design simplification and by potentially minimizing sample population size. 5 Furthermore, its use is recommended by international health authorities based on its many advantages over office BP measurements. 6, 7 Before their market release, ambulatory BP (ABP) monitors must pass through extensive validation protocols, as recommended by international institutions. [8] [9] [10] Moreover, detailed guidelines have also been published concerning the correct and optimal use of ABP devices by health-care providers and patients, the use of appropriate cuff sizes, the definition of a valid ABP recording and adequate recording of BP measurements. 11 In contrast to all these efforts to minimize variability and to maximize quality in BP assessment, there is no consensus on how mean summary BP and heart rate (HR) values should be calculated. Two distinct calculation methods are commonly used by the software dedicated to the various marketed ABP monitors. Summary mean values of 24-h, daytime and night time BP, and HR are either obtained by the arithmetic mean of all valid individual measurements or by averaging hourly means of each time period. The choice of the method of calculation of 24-h, daytime and night time mean BP, and HR values is left to each manufacturer. Either method of calculation should provide identical results if the number of measurements per hour is the same during each given period of time.
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We discovered a discrepancy between mean values reported by the SpaceLabs 92506 report management system (RMS), dedicated to a validated and commonly used ABP monitor, the SpaceLabs 90207, and those obtained by independent arithmetic mean calculation after raw data extraction, and evaluated its clinical consequences.
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Background
There is no consensus on how the summary mean blood pressure (BP) values should be calculated in ambulatory BP (ABP) monitoring. We report the absence of agreement between two common methods of calculation, either using the arithmetic mean of all valid individual measurements, or the average of hourly means.
Methods
ABP recordings were made with SpaceLabs 90207 monitors. The means of hourly means, as reported by SpaceLabs 92506 software, were compared to arithmetic means calculated independently after raw data extraction. A total of 422 ABP recordings (n = 134 for normotensive subjects and n = 288 for hypertensive patients) were eligible for comparison. Agreement between both methods was assessed according to the Bland-Altman method.
results
Mean 24-h systolic BP (SBP) was significantly lower when calculated by the hourly mean method in both normotensive subjects (−0.9 mm Hg (95% confidence interval (95% CI): −1.0 to −0.8); limits of agreement: −2.2 to +0.4 mm Hg) and hypertensive patients (−1.0 mm Hg (95% CI: −1.2 to −0.9); limits of agreement: −3.7 to +1.6 mm Hg). In hypertensive patients, daytime SBP/diastolic BP was slightly higher with the hourly mean method (0.4 mm Hg (95% CI: +0.3 to +0.5)/+0.4 mm Hg (95% CI: +0.3 to +0.4)) than with the arithmetic mean method. Although small, these differences in daytime BP resulted in misdiagnosis of uncontrolled hypertension in eight (2.8%) recordings.
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Methods
We analyzed ABP recordings in two studies conducted in parallel at our clinical research center between April 2005 and January 2009. The first study included 50 normotensive healthy volunteers with three consecutive ABP recordings by a SpaceLabs 90207 monitor (see below), at weekly intervals. Analysis of these ABP recordings revealed a discrepancy between software-reported mean values based on hourly means, and those obtained by independent arithmetic mean calculation after raw data extraction (see below). The latter was then confirmed by analysis of the ABP recordings in an ongoing study on 186 hypertensive patients randomly assigned to two different antihypertensive treatment groups and with two ABP recordings at 3-month intervals. The two studies (EUDRACT 2006-005056-32; NCT00224549) were carried out in accordance with the Declaration of Helsinki, were approved by the Comité de Protection des Personnes (Paris-Cochin, France), and written informed consent was obtained for all study participants.
All ABP recordings were performed with validated SpaceLabs 90207 monitors, [12] [13] [14] under the supervision of trained personnel and according to the manufacturer's recommendations. BP was measured every 20 min during the day (from 0700 to 2200 hours), and every 30 min overnight (from 2200 to 0700 hours) in normotensive subjects, and every 15 min during the day and 30 min overnight in hypertensive patients. Typically, raw BP and HR data were stored in the monitor during the recording period and were then downloaded to a computer with the SpaceLabs 92506 RMS, the dedicated software for this monitor. The software was installed on computers with processors, memory, and Windows platform characteristics exceeding the minimal requirements specified by the manufacturer. The RMS summarizes the raw data into a report providing: (i) mean hourly, daytime and night time, and 24-h systolic (SBP), diastolic (DBP) and mean (MBP) BPs, pulse pressure, and HR, (ii) the standard deviation of all measured parameters, and (iii) the number of valid measurements.
The SpaceLabs 92506 RMS can also be used for raw data extraction. We thus transferred all measurements to an external database for independent calculations of mean and s.d. values with a common validated statistical program (see below). The default settings of the SpaceLabs 92506 RMS, such as restrictions for physiologically impossible BP values, were reproduced in the statistical program to ensure strictly equivalent mean value calculation conditions. ABPM was considered valid if it met ESH guidelines. 4 Eight recordings were excluded from the analysis due to the unexplained duplication of all stored measurements by the SpaceLabs 92506 RMS. A further 28 recordings were excluded due to invalid diurnal or nocturnal recordings and another 12 recordings were excluded because the duration of recording exceeded 24 h. The remaining 134 and 288 valid 24-h ABP recordings in the normotensive and hypertensive groups, respectively, were included in the statistical analysis.
SpaceLabs 90207 monitors and the 92506 RMS are registered trademarks of SpaceLabs Healthcare (Issaquah, WA) and of OSI Systems (Hawthorne, CA).
Statistical analysis. Raw BP and HR measurements were extracted from the RMS to the SAS/STAT software (SAS Institute, Cary, NC) database for result calculation by the statistical software. Arithmetic mean, s.d., minimum, and maximum values were calculated independently for all para meters. Consequently, daytime, night time, and 24-h mean values were calculated by considering all valid BP measurements during the predetermined intervals (from 0700 to 2200 hours, n = 30-60 measurements; from 2200 to 0700 hours, n = 12-18 measurements; and total number of measurements n = 42-78 measurements, respectively). Mean values obtained by this calculation are exact arithmetic means of BP and HR values.
In parallel, all SpaceLabs software-generated mean SBP, DBP, MBP, pulse pressure and HR results, their s.d., minimum, maximum values and the number of valid measurements were automatically downloaded to an external database for the comparative analysis. The method of mean BP/HR calculation used by the SpaceLabs 92506 RMS is not described in the manufacturer's user manual. It was thus verified by concordance to the hundredth place of the results given by the SpaceLabs 92506 RMS and of independently recalculated mean BP values in the same way after raw data extraction. Actually, the SpaceLabs RMS calculates first hourly mean values, which are automatically rounded up to the closest unit, and then averages by default these hourly mean values to calculate daytime Accuracy was evaluated by determining the difference between the mean of hourly mean method and the arithmetic mean method and s.d. values, expressed as means with 95% confidence intervals (95% CIs), and minimum and maximum values. Agreement between the two methods of calculation was evaluated by plotting the difference between the hourly and the arithmetic mean values against the means of the two methods, as described by Bland and Altman. 15 The limits of agreement were defined by the 95% CI of the difference in mean value between the two methods. Intraclass correlation coefficients were calculated according to Shrout and Fleiss. 16 Regression was estimated by the least square method. Data are expressed as means ± s.d. or as means (95% CI).
All analyses were carried out with SAS/STAT software, version 9.1 (SAS Institute). 17 A P value <0.05 was considered statistically significant.
results
Magnitude of the difference
We first checked that for each ABP recording, the number of valid BP and HR measurements over 24 h, daytime and night time, and the minimum and the maximum values after raw data extraction were strictly identical to those reported by the SpaceLabs RMS Tables 1 and 2 report the difference between mean values as determined by the hourly mean method and the arithmetic mean method, their 95% CI, and its maximum and minimum values in normotensive subjects and hypertensive patients, respectively. The discrepancy was present in the report of each recording. The mean of hourly mean 24-h SBP value was significantly lower than the arithmetic mean value in both normotensive subjects (mean difference (95% CI): −0.9 (−1.0 to −0.8) mm Hg; P < 0.0001) and hypertensive patients (mean difference: −1.1 (−1.2 to −0.9) mm Hg; P < 0.0001). Similar differences were observed for 24-h DBP (Tables 1 and 2 ). Unlike 24-h SBP/ DBP, mean daytime and night time SBP and DBP were significantly higher with the mean of hourly means method than with the arithmetic method in hypertensive patients, yet the difference Table 2 ). The significant difference between the two methods persisted after rounding-up to the closest integer value both the arithmetic mean and the mean of hourly mean values of each subject (not shown). In normotensive subjects, daytime and night time SBP and DBP were almost similar with either method (Table 1) . Finally, the intraclass correlation coefficients for all measured parameters were all above 0.99 (data not shown). The Bland and Altman plot confirmed the underestimation of the arithmetic mean value of 24-h SBP and DBP by the mean of hourly means, but revealed no consistent trend for both normotensive subjects and hypertensive patients (24-h SBP: Figure 1a,b; figure not shown for 24-h DBP). The limits of agreement between the two methods of mean value calculation for 24h-SBP were −2.2 to +0.4 mm Hg for normotensive and −3.7 to +1.6 mm Hg for hypertensive subjects. The maximum difference range for 24-h SBP mean values was −8.3 to +3.1 mm Hg in hypertensive patients. The difference between the two methods of mean 24-h SBP calculation was highly and significantly correlated to nocturnal BP fall in both normotensive subjects (R = −0.72; n = 134; P < 0.0001; Figure 2a ) and hypertensive patients (R = −0.87; n = 288; P < 0.0001; Figure 2b) .
In hypertensive patients, the Bland and Altman plot for daytime and night time SBP and DBP confirmed the overestimation by the SpaceLabs RMS (Figure 3a,b) when arithmetic mean is taken as the reference with limits of agreement of −1.4 to +2.1 mm Hg and −1 to +1.7 mm Hg, respectively. The maximum difference range for daytime SBP mean values was −3.2 to +3.8 mm Hg and −1.6 to +2.8 mm Hg for daytime DBP. Large differences (≥+3 or ≤−3 mm Hg for SBP and ≥+2 or ≤−2 mm Hg for DBP) between the two methods were observed mainly in hypertensive patients with mean daytime SBP/DBP above 135/85 mm Hg.
Interestingly, there was a strict concordance in s.d. calculation (to the hundredth place) and in maximum and minimum values between the SpaceLabs software and independent calculation for all measurements (SBP, DBP, MBP, pulse pressure and HR; data not shown), suggesting that the SpaceLabs software, calculates s.d. values and determines minimum and maximum values with respect to each individual BP/HR measurement, instead of the hourly mean reference values.
clinical consequences of the method of mean value calculation
Using arithmetic mean calculation value as the reference, underestimation of the mean daytime SBP (difference >−1 mm Hg) by the mean of hourly means method was observed in 54% of the normotensive subjects and in 33% of the hypertensive patients. However, an overestimation of the mean daytime SBP (difference ≥+1 mm Hg) was also detected in 46% of the normotensive subjects and in 66% of the hypertensive patients. Similar trends were observed for daytime DBP (Tables 1 and 2) . Depending on the method used to calculate mean values, the percentage of hypertensive patients with uncontrolled hypertension defined by a daytime SBP ≥135 mm Hg and/or DBP ≥85 mm Hg was not similar, leading to diagnosis discrepancies in 8 (2.8%) ABPM recordings ( Table 3) . Using arith metic mean as the reference, and after rounding-up values to the closest integer, the false-negative rate of uncontrolled hypertension was 1.3% (95% CI: 0.0-6.9%) and the false-positive rate was 3.3% (95% CI: 1.4-6.8%) with the mean of hourly mean method ( Table 3) .
Method of mean reporting by other validated monitors
Summary mean value calculation methods used by other manufacturers of validated ABPM monitors are shown in Table 4 , as provided by interview of customer service representatives. All software, except the SpaceLabs 92506, use by default the arithmetic mean method rather than the mean of hourly means method. Some of the various software also allow mean calculation by the hourly mean method, the choice of method being given to the user. We detected a lack of agreement between summary mean BP/ HR values reported by the SpaceLabs 92506 RMS and calculated arithmetic mean BP/HR values after raw data extraction. We found that this lack of agreement was due to the fact that the RMS averages the hourly mean values without taking into account the number of validated measurements recorded each hour. This specification is not described in the user's manual. The mean of hourly means gave significantly lower values for 24-h mean SBP, DBP, and HR and significantly higher values for daytime and night time SBP, DBP, and HR than the arithmetic means in both normotensive subjects and hypertensive patients. The difference between the two methods of calculation was small but resulted in the lack of agreement between the two methods for the diagnosis of uncontrolled hypertension in eight (2.8%) recordings of our hypertensive cohort. The mean of hourly means indirectly reflects all 24-h, daytime, and night time recordings. Indeed, the average of hourly means method uses only 24, 15, and 9 mean values for 24-h, daytime, or night time measurements. It thus gives the same weight to each hour independently of the number of valid recordings within each 1-h interval. The number of measurements per hour depends itself on (i) the default settings of the ABP monitor which is usually set to measure BP every 15-20 min during daytime and every 30 min during night time, (ii) the exact schedule of start and end original contributions
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of the monitoring for the first and last measurement interval, and (iii) the occurrence of measurement failures. For 24-h measurements, the mean of hourly means method appears to be an easy way of adjusting for the difference in the number of hourly measurements between daytime and night time intervals, whereas arithmetic mean value calculation systematically gives more weight to daytime hours-the number of recordings per hour being higher-leading to higher mean BP/HR estimates. The difference between the two methods is especially marked because the majority of patients are "dippers" during night time. Indeed, the main determinant influencing the difference between the two methods of calculation for 24-h SBP/DBP is the magnitude of the nocturnal BP fall: the more the "dipping" pattern was marked, the more the mean of hourly means underestimated the arithmetic mean (see Figure 3) . Consequently, the mean of hourly means gives a more accurate estimation of the 24-h BP load than arithmetic means.
For daytime and night time measurements, the mean of hourly means method is source of a small loss in precision of the ABP recording especially if the ABPM is of poor quality.
Indeed, the precise estimation of the mean BP is correlated to the number of valid BP/HR measurements: 18 the more measures, the more precise the estimation.
The magnitude of the difference between averaged hourly means and calculated arithmetic mean values may seem small (≤1 mm Hg or 1 beat per minute), particularly given the high degree of variability of 24-h BP or HR, but is nonetheless significant. It should have limited consequences for outcome measurements in observational studies or randomized clinical trials conducted in large populations of patients. However, the impact on the outcome for individual patients may be greater. Indeed, the mean SBP and DBP values supplied by reporting systems are generally relied upon for hypertension diagnosis and in decisions relating to possible changes in the dose regimen of antihypertensive treatment. 1 By using hourly means for overall mean value calculation, seven excess cases of uncontrolled hypertension were diagnosed, and in one case, this condition was overseen, using the 135/85 mm Hg BP threshold for daytime ABPM and arithmetic mean value as the reference. We also observed that, for some ABP recordings, the maximum difference 4 Although this difference may not substantially affect treatment initiation 4 of newly diagnosed hypertensive patients when the global cardiovascular risk profile is taken into account, it may influence the decision to modify the intensity of antihypertensive treatment in already treated patients who are not at BP goal. Methods of mean calculation by reporting software dedicated to ABP monitors have not been addressed specifically by international guidelines. In the Ad-Hoc working group study, 19 one of the major studies for determination of reference ABP mean values, raw BP data for mean BP value calculation have been used, suggesting that arithmetic mean values were calculated by integrating the whole data set over 24-h for result edition. In contrast, in the PAMELA study, 20 only little insight on the method used for mean value calculation is provided, especially as ABP was recorded by SpaceLabs 90207 monitors likely up-linked to the 90121 RMS, the predecessor of the 92506 RMS, with whom automatic data extraction was not possible at the time (data could be extracted only on an individual-by-individual basis, by using copy and paste functions, S. Peyrard unpublished data). All software, except the SpaceLabs 92506, use by default the arithmetic mean method rather than the mean of hourly means method. Some of them also allow mean calculation by the hourly mean method, the choice of method being given to the user (see Table 4 ).
In conclusion, we evidenced small but statistically significant differences between the mean of hourly means and the arithmetic mean methods which are commonly used to report ABPM results. Each method has its own advantages and drawbacks. However, despite greater precision of arithmetic means, means of hourly means give probably a better estimation of BP load. Until specific guidelines to use one or the other method of calculation are published by ad hoc committees, physicians, and researchers should be aware of these differences and of their possible consequences.
